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Abstract 

Increasing carmodel diversification leads to shorter production runs of which consequently the start-up phase is then a larger part. Typically, in 
the start-up phase the tooling heats up from ambient temperature to approximately 80 °C which is enough to markedly change the process 
window. The ASPECT project [1] aims to model this and although the main influence here is the change in friction with temperature still the 
change in material behavior cannot be neglected. For many years Tata Steel Europe has advocated the use of constitutive models based on 
dislocation dynamics in which the strain rate and temperature effects can be incorporated [2]. However, the model is in differential equation 
form and thus needs to be continuously evaluated in an FEA code, for instance in a user subroutine. The model presented in [2] is applicable to 
a wide range of temperature, but in the start-up phase of stamping the range of temperatures encountered is limited to 100 °C, and a simplified 
model may suffice. Moreover, when such a simplified solution is implemented as a hardening curve in tabular form it can be used in an 
arbitrary FEA code without modification. This is presented in this paper and shown to be accurate to about 5 MPa (RMSE) in the limited 
temperature range at hand. 
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1. Introduction 

The trend in automotive is towards smaller production 
series, partly because of the increasing diversity in models. 
Most likely also to reduce stocks. To put a number on this: at a 
conference German OEM quoted 800 instead of 4000 parts 
per run [3]. 

This means the start-up phase of a production run is now a 
relatively larger part of the total series. And the start-up phase 
is causing production losses due to constant change of process 
conditions, see e.g. [4] where it takes 19 hours to settle on the 
final blank holder force. Unpublished data from others suggest 
shorter time spans but still at least 200 products, equivalent to 
a quarter of a run. For the ASPECT project [1] the hypothesis 
was that this change in process window is mainly caused by 
the change in friction through heating up of the tool. 

If this frictional influence could be modelled, then a control 
algorithm based on this model could be constructed and a 
simple temperature measurement would suffice to enable this 
process control. This is, in short, the aim of the ASPECT 
project 

It is thought that the friction is by far the most sensitive 
parameter regarding temperature [5], especially for sheet 
metal forming and in ASPECT much effort goes into 
measuring [6] and modelling [7] the temperature dependence 
of the friction. Still, the material behaviour is also temperature 
dependent and this is of influence on the process behaviour. In 
the strain rate range encountered in stamping a temperature 
rise from RT to 120 °C would decrease the flow stress about 
30 MPa and this is already 10 to 15% for forming steels. In the 
experience of Tata Steel Europe the strain rate sensitivity of 
low carbon steels is in the same order of magnitude for all 
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grades and hence the relative contribution is inversely 
proportional to yield strength. The elongation and FLC are 
influenced as well but this effect is smaller and will not be 
modelled here. 

Tata Steel Europe has a track record in modelling 
hardening behaviour based on physical principles (dislocation 
motion) and the same framework [2] will be employed here. 
The part mainly influenced by temperature is the dynamic 
flow stress based on thermal activation and proposed by 
Krabiell & Dahl [9]. This data is already available in tabular 
form to Tata Steel Europe customers via the Aurora database. 
For more accuracy the influence of strain rate and temperature 
on the static hardening part also needs to be considered, see 
[2] for the magnitude of the influence in a forming steel. 
However, the static hardening model of [2] requires 
integration of the rate of change of dislocation density 
depending on strain rate and temperature. This requires a 
subroutine incorporated in the FE model, it cannot be 
formulated a-priori. This complicates the deployment of these 
models and hence a simplified version is constructed that will 
allow a tabulated data format. 

The approach was already attempted before [8], but the 
empirical trends found there have now been embedded in the 
physics of the problem. Moreover, another material was tested 
and fitted to show the model applies to more than IF grades 
only. In the current work a Bake-Hardening grade has been 
examined with the additional complication of free carbon 
potentially influencing behaviour, especially at elevated 
temperatures. After all, these materials have been developed to 
show increase in proof strength (Rp) after the paint bake cycle 
in automotive production: 170 °C for 20 minutes. 

2. Theoretical base 

The model we will use is based on Bergström with an 
adaptation by van Liempt for static hardening. The first order 
effect of temperature and strain rate are in an additive term 
based on activation energy and introduced by Krabiell-Dahl 
and will be referred to as dynamic hardening. A second order 
effect is that the parameters in the static hardening model are 
not constant but slightly dependent on temperature and strain 
rate. The model will be treated only briefly here details can be 
found in [2]. 

Finding the parameters to fit the model to experimental 
data is a multi-layered approach. The dynamic hardening is 
found first, and the measured stress-strain response is 
corrected for this. The remaining part is the static hardening. 
The parameters describing the static hardening are fitted on 
triplicates of the same strain rate and nominal temperature.  

The plastic deformation in a tensile test is causing the 
temperature to rise, more clearly so in faster tests where the 
heat has no time to dissipate to the surroundings. Therefore, 
the temperature is measured (with a thermocouple) and is used 
to determine the dynamic hardening.  

The dynamic hardening based on activation energy needed 
for dislocation movements, original paper by Krabiell & Dahl 
[9], more recently is also used in [10] is given in (1). Using 
dislocation theory it is firmly physically based. 

𝜎𝜎𝑑𝑑𝑑𝑑𝑑𝑑 = 𝜎𝜎0
∗ ∙ [1 + 𝑘𝑘𝑘𝑘

∆𝐺𝐺0
∙ 𝑙𝑙𝑙𝑙 ( 𝜀𝜀̇

𝜀𝜀0̇
)]

𝑚𝑚′
 

(1) 

With: 0
* = limit dynamic flow stress [MPa]; k = 

Boltzmann constant = 8.617∙10-5 [eV/K]; G0 = maximum 
activation enthalpy [eV]; ε̇0 = limit strain rate for thermally 
activated movement [s-1]; m’ = power for the strain rate 
behaviour. Often G0 and ε̇0 will be taken from literature and 
0

* and m’ will be fitted. Here, we will also attempt to 
determine G0 and ε̇0 from the experimental data. 

The static hardening is also based on the same physical 
principle of dislocation movement. Taylor already established 
the shear stress was dependent on dislocation density: 

𝜏𝜏𝑐𝑐 = 𝜏𝜏0 + 𝛼𝛼𝛼𝛼𝛼𝛼√𝜌𝜌 (2) 

In which  is a material parameter,  the shear modulus 
and b the burgers vector. The variable  is the dislocation 
density. With the average Taylor factor M (for current texture 
and microstructure) it can be transformed to polycrystalline 
work hardening stress w. For details see [11]. 

𝜎𝜎𝑤𝑤 = 𝜎𝜎0 + 𝑀𝑀𝛼𝛼𝛼𝛼𝛼𝛼√𝜌𝜌 (3) 

This shifts the problem to establishing the dislocation 
density. For this Bergström [12] developed the following 
diagram: 

 

 

Fig. 1. Dislocation rate diagram reproduced from [15]. 

From this diagram Bergström [12] derived an equation for 
change in dislocation density. He assumes there are mobile 
dislocations that provide the deformation. If dislocations 
travel a mean free path s and their speed is constant then the 
dislocation density is inversely proportional to s. But as 
dislocations run into each other or a grain boundary they are 
stopped, i.e. immobilised. It is these immobilised dislocations 
that hinder the mobile dislocations in their movement and as 
such cause the hardening. However, immobilised dislocations 
can also be re-mobilised and the chance of that is assumed 
proportional to the density of immobilised dislocations. It is in 
this way that a saturation in the hardening occurs. The 
immobile dislocations form so-called dislocation cell 
substructures within a grain.  

Following Vegter [13] we assume the free path of 
dislocations is equal to the dislocation cell diameter and this 
depends on the dislocation density to the power of c: 

𝐷𝐷𝑐𝑐 =  𝐾𝐾𝑐𝑐 ∙ 𝜌𝜌−𝑐𝑐 (4) 
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With increasing dislocation density, the cells retain their 
shape: the similitude principle but decrease in size, c=0.5. For 
larger strains the cell diameter becomes constant: c=0. So, c 
will be a fit parameter between 0 and 0.5. 

Finally, it was observed that at even larger strains the 
shape of dislocation cell substructures follows the 
macroscopic strain and the cells get distorted. Van Liempt 
[14] introduced a parameter  to account for this. 

Substitution of the evolution of the dislocation density into 
the Taylor equation gives the hardening. But as the 
dislocation density is in rate form this must be integrated. And 
since we assume some parameters not to be constant this must 
be incorporated in the software. Linearising the extension by 
van Liempt [13] and assuming parameters are constants (i.e. 
not temperature dependent) a closed form can be obtained. 
This is still rather complex and consequently Vegter [13] 
introduces some simplifications which he shows are of minor 
influence but make the equation much more manageable: (5).  

𝜎𝜎𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = ∆𝜎𝜎𝑚𝑚 ∙ [𝛽𝛽 ∙ (𝜀𝜀 + 𝜀𝜀0) + {1 − 𝑒𝑒−Ω∙(𝜀𝜀+𝜀𝜀0)}𝑛𝑛′] (5) 

It has to be noted here that the derivation of the model in 
[2] is more general, and this has been used since (see [11]). 
That changes the (5) subtly and strictly speaking the research 
should be repeated but only minor implications are expected. 

In (5) ∆𝜎𝜎𝑚𝑚  is the saturation stress; Ω dislocation re-
mobilisation parameter; ε0 a pre-strain; β a linear term to 
account for stage IV hardening; n′ power for strain hardening 
(resulting from power of dislocation cell size dependence c). 
The values for ε0, β and n′ are usually based on literature and 
experience (0.005, 0.25 and 0.75 respectively) but ∆𝜎𝜎𝑚𝑚 and Ω 
are fitted to experiments. 

To complete the stress next to static and dynamic 
hardening there is also a base strength: σ0. Finally, the 
complete constitutive law is as follows: 

The simplest way to incorporate temperature dependence 
of static hardening is to make the parameters in (5) 
temperature dependent. As we only fit ∆𝜎𝜎𝑚𝑚  and Ω anyway 
these are the only two parameters we will make temperature 
dependent. Moreover, the pre-strain 0 accounts for temper 
rolling pre-deformation, the  accounts for change of 
dislocation cell substructures at high strains and n′ stems from 
mean free path of dislocations, all of which are not expected 
to be temperature dependent. 

Obviously, it was mentioned above we could only obtain 
the closed form of (5) by assuming these parameters constant 
and temperature independent. So clearly, we are bending the 

mathematics here, but it is the authors hypothesis that the 
resulting solution will still be better than keeping the 
parameters constant and does not deviate much from the 
correct modelling as used in [2]. 

Moreover, the ∆𝜎𝜎𝑚𝑚  contains , which is known to be 
temperature dependent, see also [2], although other 
parameters are assumed a-thermal. And Bergström [15] 
provides a relation for  in which it is dependent on 
temperature and strain rate using Zener-Hollomon parameter 
Z: 

Ω = Ω0 + 𝐶𝐶 ∙ 𝑍𝑍−1 3⁄  (8) 

Z = 𝜀𝜀̇ ∙ 𝑒𝑒
𝑈𝑈

𝑘𝑘𝑘𝑘 (9) 

2.1. Sensitivity dynamic stress 

In [8] in preparation for the test data to be produced an 
analysis of the parameter influence had been made. It need not 
be repeated here, but it suffices to mention the conclusion. 
Interaction occurs between ε̇0 and ΔG0: Increasing both 
ε̇0 and ΔG0 at the same time changes the response only ver 
little. And similarly, σ0

∗  and m′ interact: increasing both σ0
∗  

and m' changes the response only slightly. This means 
aliasing occurs and the parameters may not be well 
established as a result. However, the implication is minimal as 
the resulting curves will look very similar. 

2.2. Sensitivity static stress 

From earlier experiments on DX56D+Z (a hot dip 
galvanised IF sheet steel) the results were reported in [8] and 
Fig. 2 is taken from that reference. In Fig. 2 the static 
hardening curve is shown, and it can be seen the shape is 
changing with increasing temperature. Most clearly the 
curvature increases, and this is associated with increase in the 
remobilisation parameter , see Fig. 3a, also reproduced 
from [8]. Not as clear but still there is a change in slope: 
decrease with increasing temperature. This is associated with 
decrease in saturation stress m illustrated in Fig. 3b also 
reproduced from [8]. 

 

 
Fig. 2. Static hardening curve at different temperatures. 

𝜎𝜎𝑦𝑦(𝜀𝜀, 𝜀𝜀̇, 𝑇𝑇) = 𝜎𝜎0 + 𝜎𝜎𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(𝜀𝜀) + 𝜎𝜎𝑑𝑑𝑦𝑦𝑛𝑛(𝜀𝜀̇, 𝑇𝑇) (6) 

𝜎𝜎𝑦𝑦(𝜀𝜀, 𝜀𝜀̇, 𝑇𝑇) = 𝜎𝜎0 + ∆𝜎𝜎𝑚𝑚

∙ [𝛽𝛽 ∙ (𝜀𝜀 + 𝜀𝜀0) + {1 − 𝑒𝑒−Ω∙(𝜀𝜀+𝜀𝜀0)}𝑛𝑛′
]

+ 𝜎𝜎0
∗ ∙ [1 + 𝑘𝑘𝑇𝑇

∆𝐺𝐺0
∙ 𝑙𝑙𝑙𝑙 ( 𝜀𝜀̇

𝜀𝜀0̇
)]

𝑚𝑚′
 

(7) 
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Fig. 3. Influence of parameters: (a) re-mobilisation; (b) saturation stress. 

3. Data processing & Results 

The bake hardening steel under investigation, CR180B+Z 
in the VDA 239 standard, shows some evidence of aging 
when they were tested, see Fig. 4. A distinct upper yield point 
can be seen in the load displacement curves, but a yielding 
plateau is not evident. For the fitting of the dynamic 
hardening the stress is sampled at 0.010 strain. This is still in 
such low deformation that the static hardening is low and 
should not affect the results too much. To verify this the stress 
was also sampled at 0.012 and 0.014 strain.  

 
Fig. 4. Example hardening curve showing mild ageing & sampling points 

3.1. Dynamic stress 

When the term of (1) is zero this is the lower limit (in 
terms of strain rate) of the dynamic hardening. This is called 
the a-thermal strain rate 𝜀𝜀�̇�𝑎𝑎𝑎ℎ. Conversely, if we plot (for each 
temperature) the stress as a function of strain rate and observe 
from the graph the strain rate below which the stress remains 
constant, we can estimate the relationship between G0 and 𝜀𝜀0̇ 
for each temperature. See Fig. 5 for an estimation of the a-
thermal strain rate, the values used are listed in Table 1. And 
the relationship between G0 and 𝜀𝜀0̇ is given in (11). 

Table 1. Estimated a-thermal strain rates. 

Temperature [°C] A-thermal strain rate [s-1] 

20 0.0002 

60 0.002 

100 0.02 

140 0.1 

If we plot these lines, Fig. 6, they are different for each 
temperature, but they should all intersect in a single point 

which is the combination of G0 and 𝜀𝜀0̇  that are the actual 
model parameters. For a reference strain of 0.010 the results 
are shown in Fig. 6. Admittedly, the sampling at 0.012 and 
0.014 true strain gave different and less clear results. This is 
partially due to the difficulty of estimating (by eye) the a-
thermal strain rate from Fig. 5. From Fig. 6 it was found that 
𝜀𝜀0̇ = 1 ∙ 108 𝑠𝑠−1 and G0 = 0.92 eV. 

1 + 𝑘𝑘𝑘𝑘
∆𝐺𝐺0

∙ 𝑙𝑙𝑙𝑙 (𝜀𝜀𝑎𝑎𝑎𝑎ℎ̇
𝜀𝜀0̇

) = 0 (10) 

∆𝐺𝐺0 = −𝑘𝑘𝑘𝑘 ∙ [𝑙𝑙𝑙𝑙(𝜀𝜀�̇�𝑎𝑎𝑎ℎ) − 𝑙𝑙𝑙𝑙(𝜀𝜀0̇)] (11) 

 

 
Fig. 5. Sample stress a function of strain rate at multiple temperatures. 

 
Fig. 6. Relation of activation energy and reference strain rate. 

Since the derivation of parameters from a-thermal strain 
rate proved difficult an alternative was sought. The 
differences in the sampled stress for different temperature and 
strain rate were used to solve an optimisation problem. The 
differences between model and measurement were squared, 
averaged and the square root was taken: RMSE. 

As the absolute level is unknown, only the differences can 
be fitted. For this a temperature of 60 °C and strain rate of 
0.007 s-1 was chosen as the reference. This yielded very 
different results for stresses sampled at 0.010, 0.012 and 
0.014. Also, the omission of the single point at -20 °C made a 
large difference. However, if some parameters were kept 
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Fig. 3. Influence of parameters: (a) re-mobilisation; (b) saturation stress. 

3. Data processing & Results 

The bake hardening steel under investigation, CR180B+Z 
in the VDA 239 standard, shows some evidence of aging 
when they were tested, see Fig. 4. A distinct upper yield point 
can be seen in the load displacement curves, but a yielding 
plateau is not evident. For the fitting of the dynamic 
hardening the stress is sampled at 0.010 strain. This is still in 
such low deformation that the static hardening is low and 
should not affect the results too much. To verify this the stress 
was also sampled at 0.012 and 0.014 strain.  

 
Fig. 4. Example hardening curve showing mild ageing & sampling points 

3.1. Dynamic stress 

When the term of (1) is zero this is the lower limit (in 
terms of strain rate) of the dynamic hardening. This is called 
the a-thermal strain rate 𝜀𝜀�̇�𝑎𝑎𝑎ℎ. Conversely, if we plot (for each 
temperature) the stress as a function of strain rate and observe 
from the graph the strain rate below which the stress remains 
constant, we can estimate the relationship between G0 and 𝜀𝜀0̇ 
for each temperature. See Fig. 5 for an estimation of the a-
thermal strain rate, the values used are listed in Table 1. And 
the relationship between G0 and 𝜀𝜀0̇ is given in (11). 

Table 1. Estimated a-thermal strain rates. 

Temperature [°C] A-thermal strain rate [s-1] 

20 0.0002 

60 0.002 

100 0.02 

140 0.1 

If we plot these lines, Fig. 6, they are different for each 
temperature, but they should all intersect in a single point 

which is the combination of G0 and 𝜀𝜀0̇  that are the actual 
model parameters. For a reference strain of 0.010 the results 
are shown in Fig. 6. Admittedly, the sampling at 0.012 and 
0.014 true strain gave different and less clear results. This is 
partially due to the difficulty of estimating (by eye) the a-
thermal strain rate from Fig. 5. From Fig. 6 it was found that 
𝜀𝜀0̇ = 1 ∙ 108 𝑠𝑠−1 and G0 = 0.92 eV. 

1 + 𝑘𝑘𝑘𝑘
∆𝐺𝐺0

∙ 𝑙𝑙𝑙𝑙 (𝜀𝜀𝑎𝑎𝑎𝑎ℎ̇
𝜀𝜀0̇

) = 0 (10) 

∆𝐺𝐺0 = −𝑘𝑘𝑘𝑘 ∙ [𝑙𝑙𝑙𝑙(𝜀𝜀�̇�𝑎𝑎𝑎ℎ) − 𝑙𝑙𝑙𝑙(𝜀𝜀0̇)] (11) 

 

 
Fig. 5. Sample stress a function of strain rate at multiple temperatures. 

 
Fig. 6. Relation of activation energy and reference strain rate. 

Since the derivation of parameters from a-thermal strain 
rate proved difficult an alternative was sought. The 
differences in the sampled stress for different temperature and 
strain rate were used to solve an optimisation problem. The 
differences between model and measurement were squared, 
averaged and the square root was taken: RMSE. 

As the absolute level is unknown, only the differences can 
be fitted. For this a temperature of 60 °C and strain rate of 
0.007 s-1 was chosen as the reference. This yielded very 
different results for stresses sampled at 0.010, 0.012 and 
0.014. Also, the omission of the single point at -20 °C made a 
large difference. However, if some parameters were kept 
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constant optimising the other led to almost as good a result (in 
terms of RMSE), see Table 2 for one example. For 
comparison the parameters traditionally employed by Tata 
Steel R&D are given in the last column, which are seen not to 
yield a large error either. To put the error in perspective: at 20 
°C the stress increased over four decades of strain rate by 78 
MPa and at medium strain rate of 0.07 s-1 the change from 20 
to 140 °C dropped the stress 52 MPa. 

Table 2. Fitting parameters dynamic hardening. 

Parameter Optimum Abstracted Fit m′ and 
 Traditional values 

𝜀𝜀0̇  [s-1] 1.04E+10 1.00E+10 1.00E+08 1.00E+08 

G0 [eV] 0.974132 1 0.92 0.8 

m' 2.858383 2.8 3.96 2.2 


[MPa] 1319.172 1100 1632 600 

 

    

RMSE 3.18 4.05 3.37 10.15 

For ease of communication and so as not to imply very 
high accuracy the abstracted parameters were kept for the 
remainder of the analysis. 

3.2. Static stress 

The dynamic stress as determined in 3.1 was applied to the 
measured results to obtain a target static curve. Obviously 
beyond Ag no useful information can be obtained and as 
mentioned earlier the bake hardening effect is not included in 
the model. This was, incidentally, not considered a problem 
for the FE modelling of forming processes later on. That is 
because process designers strive for a minimum strain in the 
part of 2 to 3 % engineering strain and all strains will 
therefore be above the area that is modelled inaccurately. 

To obtain a first estimate of the parameters the optimiser 
was used again, now to fit the static hardening parameters. 
The aim is to minimise the error between model and 
experiment. The dynamic part of the model was already 
established in the previous section, so the remaining error can 
be attributed to the static stress. The error for each sampling 
point was squared and summed for the experiment. Sampling 
points were every 0.02 s for 0.007 s-1 and scaled to other 
strain rates to have equal number of sampling points in all 
experiments. The sum of squared errors was averaged over all 
experiments and the root of that was taken. 

The optimal parameters deviated from experience 
markedly, but the result was almost as good when n,  and 0 
were kept at their default values of 0.75, 0.5 and 0.005 
respectively. As these are somehow physically based, we 
opted to keep these at their defaults in the remainder of the 
analysis. In this configuration the RMSE was 15.8 MPa. 

As we are assuming the build-up of dislocation 
substructures may be influenced by temperature and strain 
rate in a second step the  and m parameters were 
subsequently fitted for each temperature and strain rate 
individually. The base strength 0 is assumed to be 
temperature independent and is kept from initial overall 
optimisation. The RMSE improved with this increase in 
freedom ranging from best case 1.4 to worst case 4.0 MPa. 

The best case was the slowest strain rate (0.00007 s-1) at 20 
°C. The worst case was the highest strain rate at -20 °C. 

The method as outlined in [16] and employed in [8] cannot 
be used here since we have an upper yield point. The Kocks-
Mecking approach then simply does not work. Instead we 
employ the optimisation solver once more. 

The resulting values of m appeared to be dependent on 
temperature more than on strain rate and consequently were 
modelled as constant over strain rate and linearly dependent 
on temperature, (12). In this fit the odd point out is -20 °C, but 
this will not be of practical relevance although it does 
question the assumptions regarding the physical base of the 
model. 

∆𝜎𝜎𝑚𝑚 = 213 − 0.2161 ∙ 𝑇𝑇 (12) 

 
Fig. 7. Results and model for saturation stress. 

The results for remobilization parameter  show the 
downward trend with increasing strain rate as well as an 
upward trend with increasing temperature. This does 
qualitatively agree with (3), although again the -20 °C results 
do not follow the general trend. However, fitting the 
parameters reveals a lack of quantitative prediction. Still, it is 
better than a constant Again blind fitting all parameters 
leads to physically less relevant parameters so we set 
activation energy U in the Zener Hollomon parameter (9) to 
0.75 eV and fitted the limit 0 and the constant C of (8), and 
rationalized them slightly. 

 
Fig. 8. Fitted , per temperature, per strain rate. 
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Table 3. Fitting parameters for temperature dependent  

Parameter Value 

C 812 

0 10.5 
 

 
Fig. 9. Modelled  trend. 

4. Outlook 

All work so far has been on uniaxial tensile test results. 
Application of the model to arbitrary stress states is done 
using a classical yield surface approach, where yield surface 
and hardening law are uncoupled. Although the model thus 
obtained has successfully been used in simulating the 
dynamic deformation of a crash box, [17] there has been no 
validation that the (dynamic) hardening in other stress states 
(say equi biaxial) is behaving the same way as in a tensile test. 
There is literature claiming the strain rate sensitivity in the 
equi-biaxial state is different [18]. That work is looking at 
strain rate alone and as outlined in section 2 with this model 
the temperature and strain rate are coupled and hence authors 
feel it is important to also take the temperature into account. 
The strain rate influence shown in Fig 6 of [18] for equi-
biaxial strain shows the same behavior as our model (7) in 
adiabatic conditions. The lowest strain rate in biaxial testing 
coincides with the highest in the tensile tests, making 
adiabatic conditions more likely for the biaxial than for the 
uniaxial tests. To settle this debate, equi biaxial deformation 
tests will have to be done at multiple strain rates whilst 
measuring the temperature. These are currently under 
consideration. 

5. Conclusion 

An existing physically based model has been simplified to 
allow a general applicability in all FE codes that can take 
tabulated data as input for material constitutive behaviour. 

Although the simplification is mathematically not fully 
correct the model is representing the flow curves to an error of 
appr. 5 MPa (RMSE) with measured data over the 
temperature range and strain rates as encountered in cold 
stamping. 
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